Abstract: Current-voltage p-n junction characteristics have been analyzed mainly at low injection levels. The high injection level region of the I/V characteristic allows the possibility of determining basic parameters of the semiconductor material, like the bulk doping concentration and charge carrier lifetime. Based on a new theoretical model of the p-n junction characteristics, valid for both low level and high level regions, a new general equation of the p-n junction is presented. It can serve for parameter extraction of semiconductor devices.
Introduction
The p-n junction current-voltage characteristics have been studied since the beginnings of semiconductor-based electronics; we recall the ideal diode equation of W. Shockley, giving the voltage dependence of the diffusion current at low injection levels [1] . Since then, the recombination component current-voltage dependence has been determined. Also, the high injection level area has been investigated; however only superficially, and mainly concerning only p-i-n diodes and bipolar transistors [2] . A unified theoretical model for the p-n junction characteristics for both low and high levels of injection is still missing [3] . Further, the equation typically used, involving the Θ parameter, is empirical and derived from the Ebers-Moll model of the bipolar transistor [4, 5] .
Theory
While the low level injection region of the p-n junction characteristics is well-studied, and with an undisputed equation originating from Shockley, the high level area is more subject to experimental measurements and empirical formulas. The theoretical approaches are often affected by errors; for example, the use of the well known Shockley boundary condition at high injection levels. In the following, the correct boundary conditions and integration of the semiconductor equations will be carried out.
The boundary conditions for p-n semiconductor junctions at medium and high injection levels
In a non-degenerated semiconductor material, the concentrations of electric charge carriers are given by [1, 2] :
with n and p the concentration of electrons and holes, Nc and Nv the densities of states in the conduction and valence bands, Ec and Ev the limits of the conduction and valence energy bands and E and E the quasiFermi energy levels in the space-charge region of the pn junction for electrons and for holes, respectively. As usual, k is the Boltzmann constant and T is the absolute temperature.
The difference between the quasi-Fermi energy levels normalized to the electric charge of the electron q equals the bias voltage across the p-n junction [1] :
Therefore, the pn product in the depletion region of the p-n junction is given by:
with n the intrinsic carrier concentration of the semiconductor. Using (4), the minority carrier concentrations at the boundaries x , x of the space-charge region are calculated:
At low injection levels, the majority carrier concentrations remain equal with the doping levels N D (donors) and N A (acceptors), therefore:
By taking into account the expressions of the minority carrier concentrations at equilibrium p 0 and n 0 , the classical Shockley formulas are obtained:
At high current injection levels, both the minority and majority carrier concentrations surpass the doping level of the semiconductor, and due to the charge equilibrium condition, they are equal in magnitude. For example, in a p-n _ junction, where the high injection level occurs in the lightly doped n _ side of the junction:
Therefore, using (8) and replacing n with p in equation (5a), the new boundary condition for the n side of the p-n junction at high injection levels is obtained:
The formula of n (x ) in the p side of the junction is the same, since it doesn't depend on the doping levels.
At medium current injection levels, the p-n junction simplifying conditions n = n 0 = N D (low injection level) or n = p >> n 0 (high injection level) are not valid, therefore equations (5a) and (5b) must be calculated in the general case.
To do this, equation (5a) must be used in conjunction with the electric charge equilibrium equation:
The following expression is obtained for the minority carrier concentration p at the boundary of the space charge region in the n side of the junction:
It is easy to notice that this equation reduces to equation (9) when the terms including the doping levels are negligible -i.e., high injection level conditions. It also reduces to the classical Shockley condition in the case of low level injection, and this can be obtained by taking N D as common factor in equation (11), expanding the square root into series and retaining only the first two terms:
In the case of low injection level, the second term of the square root is much smaller than unity, therefore the square root can be expanded into series and only first two terms retained:
Thus, equation (11) represents the general formula for the boundary conditions of the p-n junction, irrespective of the injection level at which the junction is operated.
The integration of the semiconductor equations
To solve the low injection case requires the integration of the diffusion equation for holes (p-n − junction)
with equation (6a) as boundary condition at the edge of the space charge region in the n _ side of the junction. The hole concentration is obtained as a well-known exponential dependence with the decay constant L = D τ (the hole diffusion length).
The current equation for the low injection level is then [1, 3] :
At high injection levels, the electron current (electrons being majority carriers), in the n _ region of the junction is zero [2] :
This means that drift-diffusion equilibrium is formed for electrons:
by the means of an electric field:
The hole current is accordingly given by:
Since the n _ region of the junction is at high injection level (n ∼ = p ), J becomes:
The new diffusion equation is obtained as:
and the solution will be also an exponential decay, but with the decay constant
Then, similar to eq. (16), (21) and (22) give:
Replacing p (x ) from eq. (9):
This is the current-voltage relation for high-injection level, where
Since both (16) and (24) have similar dependence on p (x ), the general formula of the current-voltage characteristics regardless of the injection level can be deduced from the general formula for p (x ) (11) as:
Including the recombination current
For a true general formula of the p-n junction currentvoltage characteristic, the generation -recombination current must be added to the diffusion current in eq. (27):
where Wsc is the width of the space-charge region of the considered n + -p junction. Then, the total current of a p-n junction is given by:
The influence of the series resistance
At even higher current levels, the series resistance of the semiconductor material "bends" the exponential dependence of the current -voltage characteristic to a linear, ohmic dependence. This influence can be included in the general formula in the following manner: (30) where A J is the junction area and R is the series resistance. It is true that now the J dependence on the voltage is no longer explicit, but an explicit relation V J (J) can be easily written.
Conclusions
Based on a new theoretical model of the p-n junction characteristics, valid for both low level and high level regions, a new theoretical formula was deduced. It can be applied practically to parameter extraction of real world semiconductor devices.
